Introduction
============

IFN1@ (interferon, type 1, cluster, also called IFNα) has been extensively studied as a treatment for patients with chronic myeloid leukemia (CML) since 1981, with up to 80% of early chronic phase patients achieving hematologic remission.[@R1] Following the discovery of the leukemic oncogene *BCR-ABL1* and its causal association with CML, potent BCR-ABL1 tyrosine kinase inhibitors such as imatinib have been developed.[@R2] Nevertheless, IFN1@ remains important and its use in combination therapy with tyrosine kinase inhibitors has attracted considerable interest.[@R3] Although IFN1@ therapy is widely accepted for selected human malignant diseases such as metastatic renal cell carcinoma and hepatocellular carcinoma, the treatment regimen is often complicated by the emergence of IFN1@ resistance, such as in CML.[@R4]^,^[@R5] A more detailed understanding of how IFN1@ resistance develops will allow for improved therapeutic strategies to enhance overall patient survival.

Autophagy is a catabolic process involving the degradation of a cell's own components such as aggregated/misfolded proteins and damaged organelles, through the lysosomal machinery.[@R6] It is an important cellular response to stress or starvation,[@R7] and it is implicated in certain human diseases.[@R8] Autophagy is now an exciting field in translational cancer research. During tumor development and in cancer therapy, autophagy has paradoxically been reported to have roles in promoting both cell survival and cell death depending on the context.[@R9] Others have noted that autophagy promotes the growth of *BCR-ABL1*-associated CML,[@R10] and imatinib induces autophagy in several mammalian cells.[@R11] Moreover, we and others have demonstrated that inhibition of autophagy enhances imatinib-induced cytotoxicity in CML cells, including stem cells.[@R12]^,^[@R13] These findings suggest a unique role for autophagy in CML development and therapy.[@R14]^,^[@R15] However, whether autophagy regulates the sensitivity of CML cells to IFN1@ remains unknown. In this study, we demonstrated that treatment with IFN1@ led to a dose-dependent activation of autophagy in CML cells. Inhibition of autophagy enhanced the anticancer activity of IFN1@. This process involved the activation of Janus kinase 1 (JAK1), signal transducer and activator of transcription 1, 91 kDa (STAT1), nuclear factor of kappa light polypeptide gene enhancer in B-cells (NFKB) signals, and autophagy-mediated cell survival. Therefore, these findings provide the first evidence for the development of novel therapeutic strategies based on IFN1@ and autophagy inhibition in CML.

Results
=======

IFN1@ induces autophagy flux in CML cells
-----------------------------------------

To investigate whether IFN1@ is a direct activator of autophagic flux, we detected microtubule-associated protein 1 light chain 3 α (LC3) conversion (LC3-I to LC3-II) in the absence and presence of lysosomal protease inhibitors. LC3-II is the processed form of LC3 located on the autophagosomal membrane. Treatment with IFN1@ induced a time-dependent increase in the expression of LC3-II in immortalized K562 and primary CML cells ([Fig. 1A](#F1){ref-type="fig"}). Cells treated with IFN1@ in combination with E64D/pepstatin A ("E64D-PA") exhibited an increase in LC3-II ([Fig. 1B](#F1){ref-type="fig"}). In contrast, autophagic sequestration blocker 3-methyladenine ("3-MA") decreased IFN1@-induced LC3-II accumulation ([Fig. 1B](#F1){ref-type="fig"}). Morphological hallmarks of autophagy can be observed by transmission electron microscopy (TEM) and confocal microscopy.[@R17] TEM revealed that autophagic vacuoles (autophagosomes/autolysosomes) were dramatically increased in K562 cells after IFN1@ treatment, whereas minimal vacuole formation was evident in the control group ([Fig. 1C](#F1){ref-type="fig"}). Additionally, LC3 puncta and lysosomal activity were significantly increased after IFN1@ treatment, with immunofluorescent staining ([Fig. 1D](#F1){ref-type="fig"}) and cathepsin B enzymatic activity analysis ([Fig. 1E](#F1){ref-type="fig"}), respectively. Taken together, these findings suggest that IFN1@ is an inducer of autophagy in CML cells.

![**Figure 1.** IFN1@ induces autophagic flux in CML cells. (**A**) K562 cells and primary BMMCs from CML patients were treated with IFN1@ (1000 U/ml) for 24--72 h and the LC3 level was assayed by western blot (n = 3, \*p \< 0.05). AU, arbitrary units. (**B**) Analysis of LC3 processing by autophagy in the presence or absence of lysosomal protease inhibitors pepstatin A (PA, 10 μg/ml) and E64D (10 μg/ml) or 3-methyladenine (3-MA, 10 mM) after IFN1@ (1000 U/ml) treatment for 48 h (n = 3, \*p \< 0.05). AU, arbitrary units. (**C**) Ultrastructural features in K562 cells with or without IFN1@ (1000 U/ml, 48 h) treatment. By definition, autophagic vacuoles are limited by a double, or occasionally multilayered membrane.[@R16] They contain cytoplasmic material or organelles. Sometimes the autophagic vacuole membrane does not have any contrast in thin sections. This is probably caused by extraction of lipids during sample preparation, as lipids are not optimally preserved in conventional aldehyde fixation.[@R16] The inset in (**C**) shows a magnified double-membrane autophagic vacuole. The number of autophagic vacuoles (indicated by the red arrows) under TEM was calculated (\*p \< 0.05). (**D and E**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h and LC3 puncta per cell and enzymatic activity of cathepsin B were assayed by confocal microscopy (**D**) and ELISA (**E**) as described in the methods section (\*p \< 0.05). Representative images in K562 cells are shown in the left panel (D). Scale bar, 10 μm.](auto-9-317-g1){#F1}

BECN1-ATG5-ATG7 autophagy pathway is required for IFN1@-induced autophagy
-------------------------------------------------------------------------

Autophagy involves a series of dynamic membrane-rearrangement reactions mediated by a core set of autophagy proteins (ATGs). Among these, ULK1 (the mammalian ortholog of yeast Atg1), BECN1 (the mammalian ortholog of yeast Vps30/Atg6), ATG5, and ATG7 are the four major regulators of the classical autophagy pathway in mammalian cells.[@R6]^-^[@R8] However BECN1-independent,[@R18] ATG5-ATG7-independent[@R19] and ULK1-independent[@R20] alternative autophagy pathways have been described. To further characterize the role of ATG in IFN1@-induced autophagy, target-specific shRNA against ATGs were transfected into K562 cells. Transfection of *BECN1*, *ATG5*, *ULK1*, and *ATG7* shRNA led to a significant and persistent decrease in mRNA and protein level at 48 h post-transfection ([Fig. 2A](#F2){ref-type="fig"}). Notably, suppression of *BECN1*, *ATG5*, and *ATG7*, but not *ULK1* expression decreased IFN1@-induced autophagy as evaluated by LC3-II expression and LC3 puncta formation ([Fig. 2B](#F2){ref-type="fig"}). This suggests that the BECN1-ATG5-ATG7 autophagy pathway is required for IFN1@-induced autophagy in CML cells.

![**Figure 2.** The classical autophagy pathway is required for IFN1@-induced autophagy. (**A**) K562 cells were transfected with indicated shRNA for 48 h, and then the mRNA and protein expression of these shRNA targeted genes were analyzed by real-time PCR and western blot, respectively. (B) K562 cells were transfected with indicated shRNA for 48 h and then treated with IFN1@ (1000 U/ml) for 48 h. Autophagy was assayed by western blot analysis of LC3 expression or quantitation of average number of LC3 puncta per cell (**B**). \*p \< 0.05 vs. control shRNA group.](auto-9-317-g2){#F2}

JAK-STAT1 activation promotes IFN1@-induced autophagy
-----------------------------------------------------

Cells respond rapidly following stimulation with IFNs via the JAK-STAT signal transduction pathway. We explored whether JAK-STAT activation is required for IFN1@-induced autophagy. Potential JAK inhibitors (e.g., AG-490) decreased IFN1@-induced phosphorylation of STAT1 ([Fig. 3A](#F3){ref-type="fig"}), STAT1 transcriptional activity ([Fig. 3B](#F3){ref-type="fig"}), and LC3 puncta formation ([Fig. 3C](#F3){ref-type="fig"}). To further explore whether JAK-STAT is required for IFN1@-induced autophagy, we knocked down *JAK1* and *STAT1* expression by shRNA. Suppression of these proteins decreased LC3-II levels ([Fig. 3D](#F3){ref-type="fig"}) and accumulation of LC3 puncta ([Fig. 3E](#F3){ref-type="fig"}) after IFN1@ treatment. In contrast, knockdown of *JAK1* and *STAT1* did not influence starvation/HBSS-induced LC3 puncta formation in K562 cells ([Fig. 3D and E](#F3){ref-type="fig"}), suggesting that JAK1-STAT1 signaling is specifically required for IFN1@-induced autophagy.

![**Figure 3.** JAK1-STAT1 signaling is required for IFN1@-induced autophagy. (**A--C**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h in the presence or absence of AG-490 (10 μM). Then P-STAT1 was assayed by western blot (**A**). STAT1 transcriptional activity was assayed by a luciferase reporter system. Control group was set as 100%. (**B**) Autophagy was assayed by quantitation of average number of LC3 puncta per cell (**C**). n = 3, \*p \< 0.05. (**D and E**) K562 cells were transfected with *JAK1* and *STAT1* shRNA for 48 h, and then treated with IFN1@ (1000 U/ml, 48 h) or starvation (HBSS, 2 h). Autophagy was assayed by western blot analysis of LC3 expression (**D**) or quantitation of average number of LC3 puncta per cell (**E**). n = 3, \*p \< 0.05 vs. control shRNA group.](auto-9-317-g3){#F3}

STAT1 and NFKB are required for IFN1@-induced BECN1 expression
--------------------------------------------------------------

Increasing evidence suggests that NFKB is involved in the regulation of BECN1 expression in autophagy.[@R21] Similarly, knockdown of *RELA* (also called *NFKB P65*) significantly decreased IFN1@-induced *BECN1* mRNA and protein expression ([Fig. 4A and B](#F4){ref-type="fig"}). A previous study demonstrated that STAT1 regulates NFKB activity after IFN1@ treatment in human melanoma cells.[@R22] Consistently, knockdown of *STAT1* impaired IFN1@-induced NFKB activation ([Fig. 4C](#F4){ref-type="fig"}) and subsequently BECN1 expression ([Fig. 4D](#F4){ref-type="fig"}). BECN1 has a critical role in inducing autophagy by promoting formation of BECN1-class III type phosphatidylinositol 3-kinase (PtdIns3K) core complexes.[@R23] Notably, knockdown of *STAT1* or *RELA* decreased the interaction between BECN1 and PtdIns3K ([Fig. 4E](#F4){ref-type="fig"}). These findings suggest that STAT1-NFKB crosstalk is required for IFN1@-induced BECN1 expression, and subsequently BECN1-PtdIns3K complex formation.

![**Figure 4.** STAT1 and NFKB are required for IFN1@-induced BECN1 expression. (**A and B**) K562 cells were transfected with *RELA* shRNA for 48 h, and then treated with IFN1@ (1000 U/ml) for 24--72 h. Protein (**A**) and mRNA (**B**) levels of BECN1 were analyzed by western blot and real-time PCR, respectively. (**C and D**) K562 cells were transfected with *STAT1* shRNA for 48 h, and then treated with IFN1@ (1000 U/ml) for 48--72 h. NFKB transcriptional activity was assayed by a luciferase reporter system (**C**). The indicated proteins were analyzed by western blot (**D**). (**E**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h, then cell lysates were prepared for immunoprecipitation (IP) as indicated. The resulting immune complexes and inputs were analyzed by western blotting (IB) as shown.](auto-9-317-g4){#F4}

Inhibition of autophagy enhances anticancer activity of IFN1@
-------------------------------------------------------------

To examine the effects of autophagy on the anticancer activity of IFN1@, we analyzed apoptosis after knockdown of autophagy regulators by shRNA. Compared with cells transfected with control shRNA, knockdown of *ATG7*, *BECN1* and *ATG5* in K562 cells increased IFN1@-induced apoptosis by flow cytometric analysis ([Fig. 5A](#F5){ref-type="fig"}). Moreover, knockdown of *STAT1* and *RELA* increased IFN-induced cell apoptosis ([Fig. 5A](#F5){ref-type="fig"}). CASP3 as a final effector is activated in apoptotic cells by both extrinsic and intrinsic pathways. Knockdown of the autophagy genes *STAT1* and *RELA* promoted IFN1@- induced CASP3 activation compared with control shRNA cells ([Fig. 5B](#F5){ref-type="fig"}). IFN1@ has been reported to induce apoptosis in other leukemia cells, such as HL-60 human acute myeloid leukemia cells[@R24] and Jurkat human T-cell acute lymphoblastic leukemia cells.[@R25] Knockdown of *BECN1* and *ATG5* in these cells also increased IFN1@-induced apoptosis ([Fig. 5C](#F5){ref-type="fig"}), suggesting a wide range of anti-apoptosis effects of autophagy in leukemia cells after IFN1@ treatment. Next, we determined whether IFN1@-mediated autophagy is a potential survival mechanism for CML stem cells and imatinib-resistant cells. We observed that knockdown of *BECN1* by shRNA restored the sensitivity of CD34^+^ cells and imatinib-resistant K562 cells to IFN1@ ([Fig. 5D](#F5){ref-type="fig"}). Recent studies have shown that inhibition of therapy-induced autophagy with chloroquine derivatives can enhance cell death in established tumors, leading to enhanced tumor regression and delayed tumor regrowth.[@R9]^,^[@R12]^,^[@R13] To determine the effects of chloroquine on autophagic flux, the processing of LC3 was assessed via western blot.[@R26] We confirmed that chloroquine elicited an increase in LC3-II in K562 cells after treatment with IFN1@ ([Fig. 5E](#F5){ref-type="fig"}). Moreover, we found that chloroquine resulted in a dose-dependent increase in IFN1@-induced apoptosis ([Fig. 5F](#F5){ref-type="fig"}) as well as CASP3 activity ([Fig. 5G](#F5){ref-type="fig"}) in K562 cells. Together, these results demonstrate that autophagy plays an important role in modulating apoptosis in response to IFN1@.

![**Figure 5.** Inhibition of autophagy enhances anticancer activity of IFN1@. (**A and B**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h. Apoptosis was analyzed by measuring annexin V-positive cells by flow cytometry (**A**). In parallel, CASP3 activation was assayed (**B**). n = 3, \*p \< 0.05 vs. control shRNA group. (C) Indicated HL-60 and Jurkat cells were treated with IFN1@ (1000 U/ml) for 48 h. Apoptosis was analyzed by measuring annexin V-positive cells by flow cytometry. n = 3, \*p \< 0.05 vs. control shRNA group. (**D**) CD34^+^ and CD34^-^ cells isolated from bone marrow mononuclear cells of CML patients by CD34 MicroBead Kit (Miltenyi Biotec) or imatinib-resistant K562 cells were transfected with *BECN1* shRNA or control shRNA for 48 h, and then treated with IFN1@ (1000 U/ml) for 48 h. Cell viability was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, and apoptosis was analyzed by measuring annexin V-positive cells by flow cytometry. In parallel, mRNA levels of *BECN1* were analyzed by real-time PCR. n = 3, \*p \< 0.05 vs. control shRNA group. (**E**) Western blot analysis of LC3 processing by autophagy in the presence or absence of chloroquine (200 μM) after IFN1@ (1000 U/ml) treatment for 48 h in K562 cells. (**F and G**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h in the presence or absence of chloroquine (50--200 μM). Apoptosis was analyzed by measuring annexin V-positive cells by flow cytometry (**F**). In parallel, CASP3 activation was assayed (**G**). n = 3, \*p \< 0.05 vs. the group without chloroquine treatment.](auto-9-317-g5){#F5}

Autophagy regulates IFN1@-induced CASP8 dependent apoptosis
-----------------------------------------------------------

IFN1@-induced apoptosis is associated with induction of tumor necrosis factor (ligand) superfamily, member 10 (TNFSF10, also called TRAIL) expression and release in several types of cancer cells.[@R27] However, inhibition of autophagy by chloroquine or *BECN1* shRNA did not influence IFN1@-induced expression and release of TNFSF10 ([Fig. 6A and B](#F6){ref-type="fig"}). In contrast, the activity of CASP8 ([Fig. 6C](#F6){ref-type="fig"}) and cleaved CASP8 ([Fig. 6A](#F6){ref-type="fig"}) was increased after inhibition of autophagy, suggesting that autophagy regulates CASP8 during apoptosis. Cleavage of BID, a BH3 domain-containing BCL2 protein, by CASP8 mediates the crosstalk between the extrinsic (membrane receptor) and intrinsic (mitochondria) pathways.[@R28] Inhibition of autophagy by *BECN1* or *ATG5* shRNA increased cleavage of BID (tBID), decreased mitochondrial membrane potential (Δψm) and increased CASP9 activation ([Fig. 6D--F](#F6){ref-type="fig"}). Moreover, knockdown of *CASP8* reversed *BECN1* shRNA-induced apoptosis in K562 cells ([Fig. 6G](#F6){ref-type="fig"}). These results demonstrate that autophagy plays an important role in modulating IFN1@-induced CASP8 dependent apoptosis.

![**Figure 6.** Autophagy regulates IFN1@-induced CASP8 dependent apoptosis. (**A--C**) K562 cells were treated with IFN1@ (1000 U/ml) for 48 h in the presence or absence of chloroquine (CQ, 100 μM). The expression and release of TNFSF10 was analyzed by western blot (**A**) and ELISA (**B**) respectively. In parallel, CASP8 activation (C) was assayed as described in *Materials and Methods* (n = 3, \*p \< 0.05). (**D--F**) Indicated K562 cells were treated with IFN1@ (1000 U/ml) for 48 h. Cleavage of BID (tBID) was analyzed by western blot (**D**). In parallel, mitochondrial membrane potential (Δψm) (**E**) and CASP9 activity (**F**) was assayed as described in *Materials and Methods* (n = 3, \*p \< 0.05). (**G**) K562 cells were transfected with indicated shRNA and then treated with IFN1@ (1000 U/ml) for 48 h. Apoptosis was analyzed by measuring annexin V-positive cells by flow cytometry (n = 3, \*p \< 0.05).](auto-9-317-g6){#F6}

Discussion
==========

Autophagy, as a major survival mechanism, is induced by cellular stress to regulate cellular homeostasis.[@R6]^,^[@R7] Our current study indicated that induction of autophagy conferred resistance to IFN1@ in leukemia cells. This signal transduction event is involved in activation of JAK-STAT1 and NFKB, which contributes to IFN1@-induced autophagy. The molecular basis of resistance due to autophagy stems partially from regulation of CASP8-mediated apoptosis. Thus, inhibition of autophagy may be an attractive strategy for enhancing the clinical activity of IFN1@-mediated immunotherapy in hematologic malignancies, as well as other tumors.

IFNs, as pleiotropic cytokines, affect the activities of macrophages, natural killer cells, dendritic cells, T cells, and tumor cells by enhancing antigen presentation and cell differentiation, inducing an antiviral state, inhibiting cell growth and promoting apoptosis.[@R29] IFNs also have a role in regulating autophagy with cell type-specific differences. For example, IFNG/IFNγ has been reported to induce autophagy in macrophages[@R30] and fibroblasts.[@R31] However, IFN1@ does not induce autophagy in macrophages.[@R30] In contrast, IFN1@ induces autophagy as a protective mechanism in bladder cancer and normal urothelial cells.[@R32] IFN1@ inhibits cell-mediated autophagy in some cell types.[@R33] In this study, we found that IFN1@ is a strong inducer of autophagy in CML cells. The classic BECN1-ATG5-ATG7 pathway is required for IFN1@-induced autophagy. Others have demonstrated that autophagy can itself regulate the production and secretion of IFN1@ in virally-infected cells.[@R34] However, research into the crosstalk between autophagy and IFN1@ is still not well characterized.

Recently, several studies have linked autophagy to leukemia. (1) Autophagy promotes leukemogenesis and development. ATG3 functions as an E2-like enzyme during the initial stages of autophagosome formation.[@R10] ATG3 deletion prevents *BCR-ABL1*-mediated leukemogenesis in a cell transfer model.[@R10] Autophagy is a hallmark of T-lineage lymphoblastic lymphoma (T-LBL) in a transgenic *myc*-driven zebrafish model of T-LBL.[@R35] Chloroquine significantly delays the onset of spontaneous tumors in a transgenic mouse model of *Myc*-induced lymphoma.[@R36] (2) Autophagy inhibition enhances the efficacy of chemotherapy. Autophagy upregulation occurs in response to chemotherapeutic agents used in the treatment of hemopoietic malignancies including CML.[@R15]^,^[@R37] Pharmacological or RNAi-mediated inhibition of autophagy potentiates the effects of imatinib, bafetinib, suberoylanilide hydroxamic acid, and OSI-027-induced death of CML cells[@R13]^,^[@R38]^-^[@R40] and stem cells.[@R12]^,^[@R13] Our previous studies demonstrate that high mobility group box 1 (HMGB1) is a BECN1 binding protein,[@R41] and HMGB1-induced autophagy promotes chemotherapy resistance in leukemia cells.[@R42] In this study, we found that knockdown of *BECN1* and *ATG5* or chloroquine treatment enhances the anticancer activity of IFN1@ in CML, including in stem cells and other leukemia cells. It is unknown whether HMGB1-mediated autophagy is involved in this process. (3) Under some conditions, autophagy inhibition decreases the efficacy of chemotherapy. For example, induction of autophagy is essential for steroid sensitization in childhood acute lymphoblastic leukemia cells, which requires necroptosis,[@R43] a form of programmed necrosis. Inhibition of autophagy also decreases resveratrol-induced cell death in CML cells.[@R44] These studies suggest that inhibition or induction of autophagy may improve the therapeutic efficacy of treatments for leukemia depending on the types of anticancer agent and pathway of stress response.

Our study suggests an interaction between STAT1 and NFKB in regulating BECN1 expression. Mammalian BECN1 was originally isolated in a yeast two-hybrid screen for BCL2 interacting proteins. BECN1 interacts with several cofactors to regulate the lipid kinase PtdIns3K and promote the formation of BECN1-PtdIns3K core complexes, thereby inducing autophagy.[@R23] RELA directly binds the *BECN1* promoter and upregulates its mRNA and protein levels, leading to autophagy in T cells.[@R21] We found that knockdown of RELA impaired IFN1@-induced BECN1 expression. Activation of the JAK-STAT pathway is the crucial event during IFN1@ treatment.[@R29]^,^[@R45] STAT proteins are a family of cytoplasmic proteins that function as secondary messengers and transcription factors. The antitumor effects of IFN1@ are abrogated in the *Stat1*-deficient mouse.[@R46] Moreover, STAT1 is able to directly interact with RELA to regulate NFKB activity.[@R22] We found that knockdown of *STAT1* inhibits NFKB activity and subsequent IFN1@-induced BECN1 expression. Another possibility is that STAT1 promotes *BECN1* transcription directly. Furthermore, the interaction between BECN1 and PtdIns3K was decreased after inhibition of STAT1 and the NFKB pathway. These findings provide a mechanism by which IFN1@ enhances autophagy in CML cells.

The role of autophagy in the regulation of apoptosis remains unclear. Our findings suggest that inhibition of autophagy increases IFN1@-induced apoptosis by regulation of CASP8 activity. Others have demonstrated that active CASP8 is directly degraded by the autophagic pathway in human colon cancer cells.[@R47] Thus, inhibition of autophagy reduces the degradation of active CASP8 and increases levels of CASP8 activity. A link exists between the death receptor pathway and the mitochondria apoptosis pathway through CASP8-mediated cleaved BID (tBID). Inhibition of autophagy increases IFN1@-mediated tBID formation, which accompanies mitochondrial apoptosis events such as decreased Δψm. These findings provide a crosstalk mechanism between autophagy and apoptosis.

In summary, we demonstrate here that inhibition of autophagy by RNAi or chloroquine increased the anticancer activity of IFN1@ in leukemia cells by the CASP8-dependent apoptosis pathway. Therapy of selected human malignancies with IFN1@ is widely accepted but is often complicated by the emergence of IFN1@ resistance. In addition, IFN1@ has both acute and chronic toxicities associated with its administration which have resulted in poor patient compliance during clinical trials.[@R2] Chloroquine and hydroxychloroquine (HCQ) are used as antimalarial drugs and several clinical trials have now been approved for cancer treatment with the use of chloroquine and HCQ as an autophagy inhibitor.[@R9] Thus, use of the combination of chloroquine or HCQ with IFN1@ in the clinic might decrease IFN1@ resistance and result in a lower incidence of side effects, which will improve outcomes obtained with IFN1@ alone.

Materials and Methods
=====================

Reagents
--------

The antibodies to LC3 (NB100-2220), BECN1 (NB500-249), ATG5 (NB110-53818) and ULK1 (NBP1-03502) were obtained from Novus. The antibodies to CASP8 (9746), cleaved CASP8 (9496), RELA (4764), PtdIns3K (3811) and ACTB/β-ACTIN (3700) were obtained from Cell Signaling Technology. The antibodies to TNFSF10 (sc-7877), STAT1 (sc-98783), P-STAT1 (sc-8394), and JAK1 (sc-1677) were obtained from Santa Cruz Technology. Recombinant human IFN1@ (11200) was obtained from R&D Systems. The NE-PER Nuclear and Cytoplasmic Extraction Kit (78833) were obtained from Thermo Fisher Scientific. The cathepsin B ELISA Kit (ab119584) was obtained from Abcam. All other reagents not listed came from Sigma.

Cell culture and patients
-------------------------

The human leukemia cell line, K562 (chronic myeloid leukemia cells), HL-60 (acute myeloid leukemia cells), and Jurkat (T-cell acute lymphoblastic leukemia cells) from the American Type Culture Collection were cultured in Iscove's Modified Dulbecco's medium or RPMI-1640 medium with 10% heat-inactivated FBS and 2 mM glutamine in a humidified incubator with 5% CO~2~ and 95% air. Bone marrow mononuclear cells (BMMCs) from CML patients were isolated by Ficoll density gradient centrifugation. The diagnosis of CML was made on the basis of clinical features, hematologic characteristics, and the presence of the Philadelphia chromosome, which has been described in detail previously.[@R48] Described briefly, a study on newly diagnosed childhood CML patients who had adequate hepatic and renal function and no serious medical conditions was conducted. The trial was approved by the institution's review boards and ethics committees and all patients gave written informed consent in accordance with the Declaration of Helsinki. Samples were enriched for CD34+ cells using CliniMACS (130--046--702) according to the manufacturer's instructions. The purity of CD34+ was routinely above 95% as assessed by flow cytometric analysis. CD34+ cells were cultured in X-VIVO 15 (BioWhittaker, 04380-Q) containing 1% BSA, 2 mM L-glutamine, and a cytokine cocktail (StemCell Technologies, 02697).

RNAi
----

Short hairpin RNA (shRNA) against human *ULK1* (SHCLNV-NM_003565), *BECN1* (SHCLNV-NM_003766), *ATG5* (SHCLNV-NM_004849), *ATG7* (SHCLNV-NM_006395), *CASP8* (SHCLNV-NM_001228), *JAK1* (SHCLNV-NM_002227), *STAT1* (SHCLNV-NM_007315) and *RELA* (SHCLNV-NM_021975) were obtained from Sigma and were transfected into cells by lentiviral delivery systems according to the manufacturer's instructions.

Western blot analysis
---------------------

Proteins in cell lysates was first resolved by SDS-PAGE, then transferred to nitrocellulose membrane and subsequently incubated with primary antibodies. After incubation with peroxidase-conjugated secondary antibodies, the signals were visualized by enhanced chemiluminescence according to the manufacturer's instruction. The relative band intensity was quantified using Gel-pro Analyzer^®^ software.

Immunofluorescence analysis
---------------------------

Cells were fixed in 4% formaldehyde for 15 min at room temperature prior to cell permeabilization with 0.1% Triton X-100 (4°C, 10 min). Cells were saturated with PBS containing 2% BSA for one h at room temperature and processed for immunofluorescence with anti-LC3 antibody, followed by Alexa Fluor 488-conjugated Ig and Hoechst 33258. Between all incubation steps, cells were washed three times for three minutes with PBS containing 0.2% BSA. Fluorescence signals were analyzed using an Olympus Fluoview 1000 confocal microscope. The average LC3 puncta per cell from at least 50 cells was determined using Image-Pro Plus 5.1 software as previously described.[@R49]

Immunoprecipitation analysis
----------------------------

Cells were lysed at 4°C in ice-cold RIPA lysis buffer (Cell Signaling Technology, 9806). Concentrations of proteins in the supernatant were determined by BCA assay. Prior to immunoprecipitation, samples containing equal amounts of proteins were pre-cleared with Protein A and subsequently incubated with various irrelevant IgG or specific antibodies in the presence of protein A beads for 2 h or overnight at 4°C with gentle shaking. Following incubation, beads were washed extensively with PBS and proteins eluted by boiling in 2 × SDS sample buffer before SDS-PAGE electrophoresis.

Transmission electron microscopy analysis
-----------------------------------------

Cells were fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4), followed by 1% O~s~O~4~. After dehydration, thin sections were stained with uranyl acetate and lead citrate for observation under a JEM 1011CX electron microscope (JEOL). Images were acquired digitally from a randomly selected pool of 10--15 fields under each condition. The quantification of autophagosomes and autophagolysosomes was performed as previously described.[@R50]

Assessment of apoptosis
-----------------------

Apoptosis in cells was assessed using an annexin V/PI Apoptosis Detection Kit (BD PharMingen, 556570) by flow cytometric analysis.[@R51] Mitochondrial membrane potential depolarization (Δψm) was measured by flow cytometry using a fluorescent cationic dye, 1,1′3,3′-tetraethylbenzamidazolocarbocyanin iodide (Molecular Probes, JC-1, M34152). CASPASE activity was assayed using the CASP3, CASP8, and CASP9 Colorimetric Assay Kit (Calbiochem, 235419, 218770, 218824) according to the manufacturer's instructions.

STAT1 and NFKB activation assay
-------------------------------

Cells were transiently transfected in a 12-well plate with a STAT1 or NFKB luciferase reporter plasmid (SABiosciences, CCS-013L, CLS-008L) or control empty plasmid according to the manufacturer's instructions. After 24--48 h, the cells were exposed to various agents. The luciferase activity was determined using the luciferase assay system with the reporter lysis buffer obtained from Promega (E1500). The results are expressed as relative transcription activity after normalizing to the control empty plasmid.

TNFSF10 release measurements
----------------------------

Commercially available enzyme linked immunosorbant assay (ELISA) kits (RD system, DTRL00) were used to measure the concentrations of TNFSF10 in the culture medium according to the manufacturer's instructions.

Quantitative real-time polymerase chain reaction
------------------------------------------------

cDNA from various cell samples were amplified by real-time quantitative PCR with specific primers from SABiosciences according to the manufacturer's instructions. The control group was set as 100%.

Statistical analysis
--------------------

Data are expressed as means ± SD of three independent experiments. Significance of differences between groups was determined by two-tailed Student's t test or ANOVA LSD test. A p value \< 0.05 was considered significant.
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